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Adapting the transmission rate in an LMS channel is a challenging task because of the relatively fast time variations, of the 
long delays involved, and of the difficulty in mapping the parameters of a time-varying channel into communication performance. 
In this paper, we propose two strategies for dealing with these impairments, namely, multi-layer coding (MLC) in the forward 
link, and open-loop adaptation in the return link. Both strategies rely on physical-layer abstraction tools for predicting the link 
performance. We will show that, in both cases, it is possible to increase the average spectral efficiency while at the same time 
keeping the outage probability under a given threshold. To do so, the forward link strategy will rely on introducing some latency 
in the data stream by using retransmissions. The return link, on the other hand, will rely on a statistical characterization of a 
physical-layer abstraction measure. 



Nomenclature 



ACM Adaptive Coding and Modulation 

ARQ Automatic Repeat Request 

CDF Cumulative Distribution Function 

CLT Central Limit Theorem 

CSI Channel State Information 

ESM Effective SNR Mapping 

GEO Geostationary 

ITS Intermediate Tree Shadowed 

LMS Land Mobile Satellite 

LOS Line-of-Sight 

MIESM Mutual Information ESM 

MODCOD Modulation and Coding 

MLC Multi-Layer Coding 

PDF Probability Density Function 

SNR Signal-to-Noise Ratio 

WER Word Error Rate 



I. Introduction 

In mobile satellite communications, there is an increasing need for more efficient transmission techniques that enable higher 
bit-rates at an affordable cost. To this extent, Adaptive Coding and Modulation (ACM) allows the provision of broadband 
services to large user populations at lower costs, since it makes it possible to operate the links more efficiently by selecting 
the most suitable Modulation and Coding Scheme (MODCOD) at each time [1]. However, the use of ACM for mobile links 
operating at S-band is hindered by the behavior of the Land Mobile Satellite Channel (LMS)[2|. This channel is usually 
modeled by a fast fading component, whose spectrum is related to the mobile speed by the Doppler effect, superimposed on 
a slow shadowing component; the parameters of both fading and shadowing depend on the environment in which the receiver 
happens to be. In short, the mobility of the user terminal will cause fast, difficult to predict channel variations, which will pose 
additional difficulties on the design of both forward and return link strategies. 

Elaborating more on this issue, adaptation can be performed in open-loop or closed loop. In an open-loop scheme, the 
transmitter directly measures the signal quality from the other link and changes the parameters accordingly; it usually enjoys 
negligible delays, although at the price of having only partial information when both links are not perfectly correlated. On the 
other hand, closed-loop strategies wait for the other end to process their data and operate upon receiving some information 
about its reception. This makes them more accurate, although the experienced delay is much higher. 
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Another key problem is that it is difficult to relate the channel statistics -even if we knew them- to the performance of 
the link because the channel is time varying. For example, it is difficult to tell what is best, a fixed channel with low quality 
or a fast varying channel with sharp transitions and a higher average quality. In an LMS channel, where transmission usually 
entails the use of complicated channel codes, if is difficult to do this without resorting to extensive simulations. This, however, 
is highly undesired for the design of an ACM strategy. In order to overcome this problem, we propose to use physical layer 
abstraction techniques. Thus, we will use Effective SNR Metrics (ESM) that have been reported to map complicated channel 
profiles with their actual performance in a one-to-one manner[3|. Therefore, our key assumption will be the following: a 
codeword will be correctly transmitted if the ESM of the channel that it undergoes is higher than or equal to the decoding 
threshold specified for the MODCOD in use in a static channel. 

Focusing firstly on the forward link, the fading is attached to the receiver and, as a consequence, the delay experienced by 
the CSI will be much longer than the channel coherence time for most speeds of practical interest. Therefore, the received 
CSI will be completely outdated -even if considering an open-loop scheme^- and adaptive rate will be of no use. However, 
if frames can be retransmitted or, at least, some additional redundancy or parity bits can be sent, then higher throughputs 
can be achieved at the cost of some latency. The underlying idea would be to transmit at a higher rate during good states 
of the channel, while somehow keeping the outage probability low. To achieve this, we propose to resort to superposition 
or multilayer coding (MLC) with retransmissions, in a spirit close to Hybrid- ARQ systems or Layered Rateless Codes||5). 
Particularly, we consider the use of two layers of information, each of them modulated at a different power. Upon reception, a 
decoding performance indicator will be sent and those bits which were not decoded by the receiver will be resent in a robust 
way (that is, in the high power layer) in order to keep the latency low. 

On the other hand, the return link enjoys timely channel information when operating in open-loop mode, but at the cost 
of having only partial CSI. This is so because, if both links operate on different frequency bands, then only the shadowing 
component can be accurately estimated; the fast fading will be uncorrelated and only some of its statistical properties will 
be inferred. To cope with this, we propose an ACM algorithm in which the transmitter selects the most efficient MODCOD 
that guarantees a given outage probability based upon the prediction of the link performance. This prediction is based on 
approximating the ESM by a log-normally distributed random variable whose parameters can be deduced from open-loop 
estimation. 

In this paper, we will describe the mathematics and assumptions supporting both algorithms, along with a detailed description 
of both of them. In what refers to the forward link, we will show how to design such a multilayer scheme, based upon stale 
CSI, in a way that ensures a target outage probability while exploiting the good states of the channel to transmit at a higher rate. 
Simulation results will show the performance achieved by the proposed schemes against those provided by more conventional, 
less adaptive techniques. Special attention will be paid to the availability of the link during the most compelling states of the 
channel, illustrating the achievable performance and the trade-offs involved. 

The remaining of the document is structured as follows: Section [TT] describes the system under study, focusing on the 
mathematical channel model and on a brief introduction to physical layer abstraction; Section [Hi] is devoted to the design and 
simulation of an MLC scheme for the forward link; Section |IV] describes the solution and the results obtained for the return 
link; finally, conclusions are summarized on Section [V] 

II. System model 

We will assume a mobile geostationary (GEO) satellite channel, operating at the S-band, in which transmissions will be 
structured in codewords of L symbols each, with T sym b the symbol period. As a consequence, each burst will go through an 
LMS channel h = [hi hi ■ ■ ■ hj]\~ with 

h = h LO s + h NLO s- (1) 

Here, we have written separately the contribution of the log -normal component Iilos and the Rayleigh contribution Iinlos ■ 
Let g 1 be the noise power and 7 = [71 72 • • • 7l] T the SNR experienced by each set of L symbols after going through the 
LMS channel, with ji = \hi\ 2 /a 2 . 

One of the most common models for the LMS channel is the so-called 3 state Fontan channel model [2|. In this model, 
line-of sight (LOS), small, and heavy shadowing conditions are taken into account by three different states characterized by 
a first-order Markov chain whose state and transition probabilities were extracted from experiments and test campaigns (see 
Fig. Q] for an example of the channels behavior). Each of the states has a correlation length of 3-5 m in the S-band, and its 
variations depend primarily on the relative speed between transmitter and receiver. Focusing on a specific state, the fading 
behavior follows the Loo model Q: slow variations are described by a log-normal distribution, whereas fast fluctuations of 
the signal amplitude are given by a Rician distribution. Mathematically speaking, the probability density function (pdf) of the 
signal amplitude at a given time instant would be given by 

x f°°l ( (logz-/;) 2 x 2 + z 2 

Jr\X) — -i= I - cxp 

bo^irdo Jo z \ 2d 2b 
where do and /i are the scale parameter and the location parameter of the log -normal distribution, respectively. 
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Figure 1. Evolution of the channel SNR with respect to time, / = 2 GHz, v = 30m/s, intermediate tree shadowed (ITS) area. 



In the case of the complete Fontan channel model, the pdf of the signal amplitude has to be weighted by the probabilities 
of the different states, given a certain environment, thus resulting in a mixture of Loo pdfs 



N 



, , \ x ( (logz-/i t ) 2 x 2 +z 2 \ (x-z\ 

ua x ) = y^piz — rK—r- i - exp — ^ ^ — J ° t — dz ^ 

with i an index that is spanning the N different states of the Markov chain, pi the probability of the i-th state, and drj,i, fii 
and 60, i the parameters of the Loo distribution in the i-th state. 

It is important to remark that the different hi will not be independent. In fact, Iinlos can be seen as the result of filtering 
complex white Gaussian noise with a low-pass filter with cut-off frequency given by the Doppler spread fo- 
il the channel varies within the length of a codeword, then we need tools to tell whether each codeword will be correctly 
decoded or not. Therefore, our goal is quite similar to the one pursued by Physical Layer Abstraction techniques, that is, to 
obtain a metric -that we can compute from estimations of some parameters- which must be related in a one-to-one manner to 
the Word Error Rate (WER); such metrics are often called Effective SNR Mappings (ESM). The ESM metric in which we 
will focus is the Mutual Information Effective SNR Mapping (MIESM)[7], which must be parametrized in terms of just the 
constellation used, not the code. It reads as 



7e// 



where M is the number of points in the constellation and j n is the SNR experienced by the n-th codeword. The metric $ is 
usually approximated by a sum of exponentials. The simplest one would be 

*(ar) w 1 - e~ Px (5) 

which can be seen to be equivalent to the so-called Exponential ESM (EEESMfl Moreover, the following approximation has 
been reported to show a remarkably good fit to the original function: 

$(7) 1 - a x e-^ + (1 - ai)e- fe7 . (6) 

In either case, parameters a and (3 must be tuned for each constellation. 

'Note that mapping one minus the mutual information is the same as mapping the mutual information as long as we select the appropriate inverse 
transformation. 
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Table I 

Shadowing correlation length (left) and state 2 average length (right), as a function of the mobile speed, for different 

environments. 



Env./Speed 


1 m/s 


15 m/s 


40 m/s 


Open 


2.5 s 


160 ms 


63 ms 


ITS 


1.5 s 


100 ms 


38 ms 



Env./Speed 


1 m/s 


15 m/s 


40 m/s 


Open 


7.5 s 


500 ms 


188 ms 


ITS 


6.3 s 


420 ms 


150 ms 



Input 

bits 



Bit Allocation 



XFECFRAME1 



XFECFRAME1 



MODCODS 



-HR>- 

A 



\/l — a 



Long Term Adaptation 



Channel 
statistics 



Figure 2. Schematic of the MLC scheme: the input bits are divided into two different layers, and the transmission parameters are selected according to 
long-term channel statistics. 



III. Adaptive Rate in the Forward Link 

The main constraint of the forward link is that, even under open-loop operation, the total delay will be of 0.5 s. Since the 
fading event will be attached to the mobile terminal, the returning signal will experiment 0.25 s of delay since it undergoes the 
channel fading until it reaches the gateway; then, at least other 0.25 s will pass until the newly generated signal for the forward 
link reaches the mobile terminal. The effect of such large delays may be dramatic for the design of an ACM control strategy 
since, for many speeds of practical interest, the channel will be completely uncorrelated after those 0.5 s. As an example, Table 
U shows the shadowing coherence time and the state 2 average length for different speeds and two environments: open and 
intermediate tree shadowed (ITS). As we can see, the channel could even have changed its Markov chain state after 0.5 s if 
the mobile terminal moves at a speed close to 15 m/s (54km/h). 

Still, the good states of the channel can be used for transmitting at a higher rate, while guaranteeing a given outage probability. 
We propose to do so by resorting to multi-layer coding and splitting the information to convey into two modes, one of them 
much more protected than the other; this would be accomplished by the appropriate power balance between the two layers. 
The overall technique would work by retransmitting in the most protected mode those codewords which had failed before. 

In this section, we will present a theoretical framework for such multilayer transmission scheme. The optimal MODCOD 
and power balance will be found by numerical optimization for each environment in the Fontan model, and results will show 
a remarkable increase in spectral efficiency while keeping the outage probability low. 

A. System Model for the Forward Link 

If the transmitter uses Multi-Level Coding (MLC), the received signal can be written for the two-layer case as 

Vi = hi {^/axf + \/l - axf) + n 4 (7) 

with rii ~ CM (0, a 2 ) a sample of white Gaussian noise, hi the (complex-valued) channel seen by the Am symbol, and 
xf the Ath symbols of the % (High priority) and C (Low priority) levels, and a a parameter that weights the power sharing 
between the two layers. Note that for a = 1 we have a single-layer transmission. This MLC scheme is depicted in Figure [2] 
Each codeword spans L different channel statefl such that the fc-th codeword is affected by the channel state vector 
hfc = [hki+i ■■■ /i(fe+i)i] ■ The channel state vector is assumed to be distributed following a pdf /h(hfc) that cannot be 
decomposed (in general) into /h(hfc) = YliLi fh(hkL+i) due to the existence of correlation among the different states spanned 
by the same codeword. 

2 States must not be confused with the LMS Markov model states. 
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Table II 

MODCOD PARAMETERS FOR THE FL (LEFT) AND RL (RIGHT). 



MODCOD 


TZ 


■y th CdB) 


l^rSJs. 1/4 


0.357 


-1.5 


l^r^Jv 1/3 


0.616 


-0.3 


QPSK 2/5 


0.745 


0.6 


QPSK 1/2 


0.831 


1.9 


QPSK 3/5 


1.132 


3.1 


QPSK 2/3 


1.261 


4 


QPSK 3/4 


1.390 


4.9 


QPSK 4/5 


1.476 


5.6 


QPSK 5/6 


1.562 


6.1 


QPSK 8/9 


1.691 


7.1 



MODCOD 


TZ 


-7 th OB) 


l^lroK 1/3 


0.563 


1.7 


l^roK 1/z 


0.874 


4 


QPSK 2/3 


1.259 


5.9 


QPSK 3/4 


1.422 


7 


QPSK 5/6 


1.600 


8.3 


8PSK 2/3 


1.704 


9.9 


8PSK 3/4 


1.926 


11.5 


8PSK 5/6 


2.197 


13.1 


16QAM 3/4 


2.593 


13.7 


16QAM 5/6 


2.874 


15.2 



For the sake of clarity, we define the Signal to Noise Ratio (SNR) of the i-th symbol of the H and C levels as 



\h,\ 2 a 



li 



a 2 + (1 - a) \hi 
_ N 2 (l-a) 



(8) 



(9) 



where the transmitted power is normalized to one. 

We will consider that the fc-th codeword corresponding to the T~L layer when using the m-th MODCOD is correctly decoded 

is greater than 



and 



L kL+l 



J (k+1)L 



if the average Mutual Information (MI) between y k = [ykL+i V(k+i)L\ 
or equal to a given rate threshold or, equivalently, that the effective SNR j e ff (fc) of the fc-th codeword is larger than the 
required SNR for the decodability of the selected m-th MODCOD 7^: 



(k+l)L 



■) 



> 



(10) 



i=kL+l 



with $> M (7) the mutual information between the input and output of a Gaussian channel with SNR 7 for an input restricted 
to the constellation Ai = {mi, ,..m\M\} & C'^ 1 '. Note that this approach is conservative, as the interference caused by the 
C layer to the H layer is treated as Gaussian noise, when it is clear that it has a lower entropy, thus leading to a higher MI. 
The C layer will be correctly decoded if the H layer was correctly decoded and the MI between y fc — and x£ = 

is greater than or equal to the rate threshold or, in terms of effective SNR, if the following condition is 



J (k+l)C 



met: 



$-1 JL 



(k+l)L 

E 

i=kL+l 



(k+l)L 



b?) > it n U- 1 \\ £ ^ ( 7 f ) > 



.,th 



(ID 



Note that we are restricting both layers to have the same constellation and code rates, which is desirable for implementation 
issues. In the following, we will restrict our analysis to the first codeword k = 0, without loss of generality, and drop the 
indexes that take into account the codeword number. 



B. Problem Statement 

Our target is to maximize the average spectral efficiency subject to an outage probability constraint on the H layer. Let 
us define Ci — {A4i, TZi, 7| h } as the triplet (modulation, spectral efficiency, required SNR for decodability) that defines the 

IC I 

i-th MODCOD. We will restrict our modulation and code rates to the finite length set C = {Ck}\2i- Th e parameters of the 
different MODCODs are summarized in Table |II] Note that the selected MODCODs for the forward link are those of DVB-S2 
which use a QPSK constellation. 

Our objective function will be the Average Spectral Efficiency (ASE), defined as 

V (C fc , a) =K k ■ (P [7^ > if] + P [iVff > it D lf ff > it] ) (12) 
with P [A] the probability of occurrence of event A, and 

^(lE^lT/)) (13) 
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Histogram of the effective SNR for i-tree environniet, different speeds 
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Figure 3. Histogram of the effective SNR for different speed values, ITS environment, very low SNR. 



for T <G {£,H}. The outage probability constraint is defined as 

g (C k , a) =P [<$ f < 7 f ] < P out . (14) 

Therefore, our design problem is stated as 

maximize r\ (Ck , a) 

subject to g{C k ,a) < P out (15) 
< a < 1 

where the maximization is performed over C k € C and a E K. The MODCOD choice is assuming the knowledge of the 
channel statistics, which we consider to be available at the gateway. 

In the following, we will analyze the problem by assuming a block fading channel, which is a realistic assumption if the 
mobile speed is small enough, and makes the problem analytically tractable, and afterwards evaluate the evolution of throughput 
and outage probability as a function of the mobile speed. 



C. Block Fading 

The histogram of the effective SNR in a Fontan channel has been obtained for different mobile speeds and for different 
average SNR values. In Figure [3] we can see the variation of the effective SNR with speed. Clearly, as the speed increases the 
effective SNR variance diminishes as the result of averaging more channel states in the same codeword. 

Unfortunately, obtaining the pdf of the effective SNR for a mobile seems to be analytically intractable, so we will assume 
that all the channel states seen by a codeword are approximately the same {block fading): 

h x &h k , k = 2, ...L (16) 

so we can approximate 

lf f f * 1 U (17) 
with 7^ « 7^, 7^. If this is the case we can define the event of decodability of the % layer as 

i n > ii h - (is) 

Analogously, we can rewrite the event of decodability of the C layer as 

(7 W >7f)n( 7 £ >7f)- (19) 
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Following ([H) we can rewrite (TT~8T > as 
and ( |T9l > according to (O as 



> 



a - (I -a) 7*' 



> max 



a- (l-a)7k 1 



Note that if we choose a value of a such that 



a - (1-0)7% 



Hi 



> 



1 — a 



(20) 



(21) 



(22) 



then the £ layer will be only limited by the decodability of the T~L layer, which is clearly not optimum. Therefore, we might 
want to choose a value of a such that 



a > 



By adding this constraint to a, the ASE can be written as 

T)(C k ,a) =TZ k ■ (p 

and the outage probability 



\h\ 2 > 



it + 1 
it + 2" 



° 2 lt 



a-(l-a)7k' 



,2 . 7f <^ 2 



ff(C fc ,a) =P 



\hf< 



<r 2 lt 



< Po 



(23) 



(24) 



(25) 



a-(l-a) 7 f J 

Note that the outage probability applies to the H layer and, in consequence, g (Cfc,a) is a monotonic decreasing function of 
a, as it is clear that allocating more power to the H layer will decrease the outage probability. Therefore, if we assume that 
9 (Ck, 1) < Pout (otherwise the problem will be infeasible for the MODCOD Ck), constraint $25[ is equivalent to 



a > at 



(26) 



with a£ ut such that g (Ck, a^"') = Pout- Therefore, for a given Ck such that the problem is feasible, the optimum value rj^. is 
obtained as 

V * k = max {r)(C k ,a)} (27) 



with 



= max < a 



r?* = max {77*}^ 



' '7f + 2 



(28) 



(29) 



Note that the previous expressions involving probabilities of the channel power \h\ being smaller than a given threshold k 
can be easily rewritten as 



P 



where 



being f r j the pdf of the Loo mixture (0. 



F, 



\h\ z < k 



-- F r , F Wk 

fr.F (x) dx, 



(30) 
(31) 



D. Evolution of Outage Probability with Speed and Environment 

It is clear that for a given Line of Sight SNR (the SNR a receiver would experience without shadowing and fading), the 
performance of a receiver (in terms of ASE or outage probability) is going to be heavily dependent on the environment, which 
determines the fading and shadowing statistical characterization. Moreover, as we have already seen, an increasing mobile 
speed causes different channel states to be averaged during the same codeword, thus reducing the variance of the effective 
SNR and, as a consequence, reducing the outage probability. 

Therefore, as we are constraining the outage probability to lie below a given threshold (according to (fT5ll), it would be 
useful to analyze the outage probability performance of the most protected MODCOD for different speeds and environments. 
Note that if the most protected MODCOD does not provide the desired outage probability, then it is clear that the optimization 
problem ([T5T > is unfeasible. 
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Probability of Outage. QPSK 2/5. i-tree, Average SNR - LOS = 14dB 

10° r • ' ■ — < • ! i . . .. . . . — r-r- 




10° 10' 10 2 

Speed (m/s) 



Figure 4. Outage probability for different values of a and speed. 




Figure 5. Outage probability for the most protected MODCOD in different environments. Speed: 40 m/s. 

In order to anticipate the performance of the MLC strategy for the LMS channel, we have simulated its performance for 
different values of a and speed, as we can see in Figure |4] Obviously, the larger a is, the less interference we receive from the 
C layer, so the outage probability decreases as a increases. Moreover, we have seen in Figure |3]that the effect of incrementing 
the speed is to reduce the variance of the ESM, as more states are averaged for the same codeword. As an outage event occurs 
when the ESM of a codeword is very small, the variance reduction implies that this event is less likely. As a consequence, the 
outage probability decreases with speed. 

Results for the intermediate-tree shadowing, heavy-tree shadowing, open and suburban environments are shown for mobile 
speeds of 0.1 m/s and 40 m/s on Figure [5] It is easy to conclude that higher speeds dramatically reduce the required SNR for 
a given outage probability, thus allowing the system to operate with lower SNR values. As an example, note that enforcing an 
outage probability of 0.1 in the 0.1 m/s case under the heavy-tree shadowing environment requires the received LOS SNR to 
be larger than 16 dB; this value is reduced to 10 dB if the speed is increased up to 40 m/s. 
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Probability of Outage. QPSK 2/5, i-tree. Average SNR - LOS = 23dB 

icr 1 



10" 2 



p 
bC 

o 

1CT 3 



10° 10 1 10 2 

Speed (m/s) 



Figure 6. Outage probability with the parameters obtained from the optimization (assuming block fading), compared with the SLC case (a = 1). Target 
/'„ = 0.02. 



E. Performance of the Proposed Optimized MODCODs 

We have evaluated the outage and throughput of the forward link with the optimized MODCODs, assuming that the gateway 
is aware of the statistics of the channel. First of all, we have solved the optimization for a constraint on the outage probability 
of Pout — 2 • 1CP 2 . The LOS SNR was set to a relatively high -and maybe unrealistic- value, in order to be able to use some 
higher rate MODCODs. In Figure [6] it can be seen that the outage probability constraint is met for all speeds, and specially 
for the larger ones. Therefore, the block fading approach turns out to be quite conservative. 

Similarly to the results on the outage probability presented in the previous section, we will evaluate the performance of the 
proposed scheme as a function of the LOS SNR. In this case we have set the outage probability constraint to 0.1 in order to 
have a feasible problem for realistic SNR values. In Figure Q there is a plot of the ASE as a function of the LOS SNR for 
the heavy-tree, suburban and intermediate-tree scenarios, respectively, for both MLC and SLC {a — 1). It can be seen that the 
MLC outperforms SLC for almost every SNR value, while meeting the outage probability constraint due to the selection of the 
parameter a. It is worth remarking that the throughput does not change with the speed in most of the cases, although higher 
speeds obviously attain a lower outage probability. Note that an ASE equal to zero indicates that the problem is unfeasible for 
the selected SNR value. The values of P out obtained stayed below the target value in both cases, with lower values in the case 
of v = 20 m/s. 

IV. Adaptive Coding and Modulation in the Return Link 

Differently from the forward link, the delay in the return link can be assumed negligible when operating in open-loop mode. 
For this reason, it is possible to address the design of an ACM scheme based on on-the-fly parameter estimation on the forward 
link signal. In this section, we will explain how this can be done by making use of the ESM. 

A. System Model 

We will assume that the LOS component remains constant within the length of a burst, so that the channel model can be 
expressed as h = [hi h% ■ ■ ■ hi] with 

h = h LO s + h NLO s = /il + h NLO s, (32) 

so that 

hi ~ CN{p, 29 2 ) (33) 

where p is the mean amplitude in natural units and 26> 2 is the NLOS power. As stated, we will assume that the LOS SNR 
is known at the transmitter, so that all the uncertainty that we must take into account is on the NLOS component. For this 
reason, our return link may be simplified to a Rician channel whose time samples are correlated. 
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Figure 7. Average spectral efficiency with SLC and MLC in ITS environment. Target Pout = 0.1. 



Each sample from the SNR vector 7, which we will denote again 7;, will follow a scaled non-central Chi-squared distribution 
with two degrees of freedom and non-centrality parameter A 

7<~Vxa(A) ( 34 ) 



where 

*=(?)• < 35 » 

For simplicity, we will define (=9 /a. As already stated, the MODCOD for each burst will be obtained from its ESM; for the 
next derivations, we will focus on the approximation of the MIESM by an exponential mapping (EM-ESM). 

B. Block Fading 

As in the forward link, when the mobile speed is low, we can approximate 71 s» 72 ~ • • • ~ 7l=7, so that 7 = 7I and, as 
a consequence, 7^ = 7, yielding 



P [7eff < 7th] = ^7 (7th) = 1 - Q ^ J (36) 

where Q is Marcum's Q function and F 1 denotes the cumulative distribution function (CDF) of 7. From d36l l. and given a 
target outage probability out, we would select the highest MODCOD having a threshold below 7^, where this value must 
satisfy 



Q(£^J=l-P«t. (37) 

C. Beyond Block Fading 

Similarly to the forward link, the block fading approximation will become conservative as the speed increases. The problem 
is that the pdf of y e g cannot be obtained in closed form for any speed, not even for large values of L, because the random 
variables 7* are correlated. However, we will show that its pdf can be accurately approximated by that of a log-normal random 
variable for many speeds of practical interest. Throughout this section, we will show two ways in which this modeling can be 
exploited. 
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Figure 8. Accuracy of the log-normal approximation. Results have been extracted for ITS at state 2 with T syra t, = 2.7 p,s. 



1) Log-normal Approximation: The mean ESM of a Rician channel is available for the uncorrelated case[8|. Its pdf for a 
correlated Rician channel lacks of closed form expression, but a number of approximations have been reported in the literature. 
Here, we will make use of the log-normal approximation proposed in Ref. [9|: 

1 (logx-M) 2 



with 



flcff( X ) ~ 



iV 2ttH 



'log 



m 2 



M = log mi 



O 2 



and 



and 



mi = E [7 eff ] 



m 2 



E [7eff] 



The probability of outage would read as 



P [7eff < 7th] = Q 



log 7th - M 

n 



(38) 

(39) 
(40) 
(41) 
(42) 

(43) 



The accuracy of this approximation is shown on Fig. [8] which illustrates a remarkably good fit. In order to make use of this 
approximation, we would only need to compute, or estimate, the first two moments of 7 e ff, mi and m 2 . This could be done, for 
instance, by using the sample moments obtained from a set of received samples. Nevertheless, we will try to find closed-form 
expressions for these parameters from those of the distribution of h (or of 7). It is important to stress that, for the design of 
a transmitter, the use of the sample moments should be evaluated anyway, since it would provide a straightforward way of 
computing the outage probability. 

2) PDF of the Mutual Information.: In order to obtain some insights on the dependence of j e g with the distribution of 
h, we will try to derive closed-form expressions for mi and m 2 in d4lT i and d42l . that is, for the two first moments of the 
distribution of 7 e ff. To accomplish this task, we will focus on characterizing the mutual information &(j e s) and then obtaining 
the moments of its natural logarithm. 
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Let us start by characterizing the pdf of the mutual information 



1 

x = $( 7eff ) = -^ 



-Pa 



(44) 



To do so, we will exploit the fact that L will be in general large and resort to a Central Limit Theorem (CLT) for weakly 
correlated random variables irTOl . Its application, after making some simplifying assumptions on the autocorrelation of the 
yields 

£~ of) (45) 



exponentials q = e 
with 



and 



1 



-E 



(46) 



(47) 



2/r)7sy m b 

Before going further, it is worth stressing two points. Firstly, the assumption of almost uncorrelated summands requires the 
speed to be relatively high; lower speeds will have to be treated as block fading, regardless of how conservative this would be. 
Secondly, the mutual information will look very different to a Gaussian distribution as the SNR grows higher, because in that 
case it will tend to one, with no higher values. As a consequence, these derivations, although insightful, may be applicable in 
a limited range of SNR. 

From (l46l l and (1471 . it is clear that the pdf of the mutual information will be fully characterized if we manage to obtain 
E[<r] and E[<r 2 ]. This can be done in the following way: let us recall that 



then the necessary parameters are obtained from 



1 _ * 
e 2c 2 

2C 2 



Xx 



: 



e~ px f-y(x) dx 



1 + 2pC 2 ' 



E[^ 2 ] = 



) ff{x)dx 



1 + 4/3C 2 



Note that substitution in ( f47T > yields 



_ 2(3XC 

1+4/3C 2 



_ 2f3XC 

e 1+213(2 
(1+2/JC 2 ) 2 



VdT, 



so that finally 



: 



$(7eff) ~ A/" 



V 



1 + 2/3C 2 



symb 



1+4/3C 2 



_ 23AC 

e l+2gc 2 
IT+WF 



symb 



(48) 

(49) 
(50) 

(51) 

(52) 



After the full characterization of the pdf of the mutual information, it is still required to obtain the moments of the 
transformation = — -g log£ from the pdf of £. They can be computed as 



1 



and 



rti\ 



m 2 



27T/3er € 



1 



log(x)e 



log(x) 2 



' 2„i 



dx 



dx. 



Although the above integrals lack of closed-form solution, they are simple to evaluate numerically. 

At this point, we already have analytical expressions to compute the distribution of the ESM (by means of the log- 
approximation with the above derived moments) and, as a consequence, to design an ACM loop that tries to guarantee 
outage probability; this can be done by simply using the CDF of the ESM, and possibly adding some security margin 
into account the imperfections in the approximation. It is worth remarking that the obtained closed-form expressions 
moments hold for high speed only; however, a transmitter might decide not to use them and estimate empirically the 
ESM moments instead. 



(53) 



(54) 



■normal 
a given 
to take 
for the 
sample 
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Figure 9. Evolution of the probability of outage and the spectral efficiency with respect to the average SNR. Target P ou t = 0.01 and 2 ■ 10 codewords per 
point. ITS area, state 2. 



D. Simulation Results for the Return Link 

In this section we report the results obtained with the two previously reported approximations: block fading for low speed 
and log-normal distribution for higher speeds. Results have been extracted with a symbol period of 2.7 us for an ITS area, 
fixing a target outage probability of 0.01; the MODCOD set used can be found in Table [Hi and the frequency has been set to 
/ = 2.2 GHz. Bursts contain 8100 symbols each, and the last 123 bursts are used at each time instant to estimate the moments 
of the ESM from estimations of the SNR; the LOS component is kept fixed within each state 

The obtained results can be seen on Fig. [9] where the improvement in terms of spectral efficiency when using the log-normal 
approximation is clear. Note that because of using past samples to estimate the moments, there might be small impairments 
in the target outage probability; if these are too high, then a one-MODCOD penalization might be used as illustrated in the 
figure. The obtained results still show an increase in the average spectral efficiency, although it is worth noticing that better 
performances would be achieved if a more granular MODCOD set was available. 

V. Conclusions 

Adapting the transmission rate in an LMS channel is a challenging task because of the relatively fast time variations, 
of the long delays involved, and of the difficulty in mapping the parameters of a time-varying channel into communication 
performance. In this paper, we have proposed two strategies for dealing with this impairments, namely, multi-layer coding 
(MLC) in the forward link and log-normal modeling -based on open-loop estimations- in the return link. Both strategies 
rely on an effective SNR mapping, borrowed from the physical-layer abstraction literature, as a tool for predicting the link 
performance. We have shown that, in both cases, it is possible to increase the average spectral efficiency while at the same 
time keeping the outage probability under a given threshold. 
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